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ABSTRACT 
A thermodynamic analysis of a rotating thin-bed fluidized bed coal 
gasifier has been carried out. Product gas compositions have been 
obtained as a function of gasifier stoichiometry, carbon conversion, 
steam injection, and gasifier temperature. The results show that 
product gas quality, as measured by the gas heating value, is maximized 
at low equivalence ratios, high carbon conversion, and low levels of 
steam injection. 
Several power generation concepts using this gasifier, including 
an afterburner with an atmospheric pressure steam turbine cycle, a 
combined cycle with an adiabatic afterburner, and a combined cycle with 
a non-adiabatic afterburner, have been studied. 
The combined cycle with adiabatic afterburner, which has an 
over al 1 cycle efficiency at 34 percent, was used as the basis for a 
parametric study to determine the effect of carbon conversion, gasifier 
stoichiometry, fluidized bed pressure loss, steam injection, and gas 
turbine inlet temperature on net power output and overall cycle 
efficiency. Overall cycle efficiency can be increased by increasing 
carbon conversion, reducing the gasifier equivalence ratio to adiabatic 
• 
conditions, reducing system pressure loss, reducing steam injection, 
and increasing the gas turbine inl·et temperature. By optimizing these 
parameters, the efficiency of the gasifier, combined cycle concept can 
be increased to 37 .S p.ercent. Operation of the afterburner in a non-
1 
.. 
adiabatic mode was determined to be detrimental to overall cycle 
efficiency. 
The coal gasifier-atmospheric steam turbine cycle concept was 
found to have an overall cycle efficiency of 30 percent. 
The costs of the combined cycle concept witl1 adiabatic afterburner 
were determined relative to a pulverized coal plant, a conventional 
fluidized bed combustion steam system, and an adiabatic combined cycle 
plant with a centrifugal fluidized bed combustor. The coal 
gasification combined cycle concept was found to be competitive with 
the other concepts in capital costs and overall operating costs • 
• 
2 
" 
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INTRODUCTION 
The economics of the electric utility industry were changed 
drastically in the 1970's. The oil shocks of this decade created 
uncertainty in energy supplies as well as large increases in price. 
This upheaval also changed the demand for electricity. The high growth 
rates of the 19SO's and 1960's decreased to approximately 1 percent per 
year by the early 1980's. Many utilities were forced to cancel gener-
ating plants during both the planning and construction stages. In 
addition, the nuclear industry has been plagued by cost overruns and 
environmental opposition. The result of these forces has been a slow 
down in new plant construction with very few new plants being planned. 
The uncertainties of fuel supply, fuel price, and electrical power 
demand require flexibility in power plant design and construction. One 
method of obtaining flexibility is to design and construct small modu-
lar plants. These plants can be constructed quickly and economically, 
allowing utilities to adapt quickly to changing market conditions. 
The purpose of this work is to investigate the feasibility of a 
flexible power generating system utilizing a stable fuel supply, coal. 
The design utilizes a fluidized bed reactor to produce gaseous fuel 
• 
from coal. Coal gasification occurs at a low reactor temperature of 
less than 1000°C. This al lows the sulfur in the coal to be removed 
using limestone addition. The gaseous fuel is then burned in a sepa-
rate combustion chamber, releasing the energy of the fuel. 
3 
• 
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Power may be produced in two ways. First, the gasifier and com-
bustor may be placed into a conventional Rankine cycle plant, taking 
the place of a boiler. This could be applied for new plant construc-
tion as well as retrofits involving a conversion to coal. In this case 
the gasifier operates at slightly above atmospheric pressure. 
The other method of producing power is to operate the gasifier at 
elevated pressure. In this case, the gasifier and combustor may be 
placed into a gas turbine cycle, allowing coal to be used to fire a gas 
turbine. The cycle efficiency can be improved by using the gas turbine 
exhaust to generate additional power in a steam turbine. The use of 
coal gasification and separate combustion of the fuel gas also has an 
advantage over fluidized bed coal combustion. With coal, the fluidized 
bed reactor is limited to operating temperatures below 980°C (1800°F), 
to avoid problems of ash sintering. Separation of the fluidized bed 
and combustor allows for higher gas turbine inlet temperatures and 
higher cycle efficiencies to be obtained. This also increases the 
flexibility of th~ system because performance upgrading in the future 
will be easier to accomplish • 
• 
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11IBORETICAL DEVEWPHENT 
2.1 Fluid Dynamics of a Rotating Fluidized Bed 
2.1.1 Velocities 
Levy, et al. (1) determined that the minimum fluidization velocity 
for a rotating fluidized bed system (see Figures 1 and 2) can be 
expressed as 
V d 
rmf p 
-\)-- = 25. 7 
V 2 
( ~ - 1) t d 3 
Pc r P 1+5.53 X 10-5 __ .a. _____ _ 
- 1 \) 
where the tangential velocity in the bed is assumed to be: 
Radial velocities can be determined from a mass balance, • 1.e. 
p. A. V. = p -A . V . 
l. l. 1 J J J 
(1) 
(2) 
(3) 
In the freeboard region as shown in Figure 2, the tangential 
velocity is inversely proportional to radial position, • i.e. 
·'----.I 
(4) 
5 
' 
. \ 
; \ 
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' 
Shakespeare and Levy (2) analyzed the freeboard and divided it into 
' 
three regions (Figure 3): end wall boundary layers, a viscous core 
along the axis of rotation, and a main region. They determined that 
the main region could be adequately modeled by assuming the flow was 
inviscid and irrotational. The axial velocities in the freeboard 
region are given as: 
V = 0 z 
• 
mf 
vz = 2 2 
pf TI(r -r ) 
e core 
r < rcore (S) 
rcore < r < re (6) 
The terminal velocity for a given solid particle size is deter-
mined using an iterative procedure described by Dodge (3) using the 
following equations 
where 
2 
4 p d r 1 w 
_ ___e p 0 
3 pf CD 
Co= 0.4 + 24 + 6 
Re 1 + R ~ 
e 
for a single spherical particle and 
.6 
(7) 
(8) 
(9) 
.. "\ 
• 
2.1.2 Pressure Drop 
The pressure drop through a rotating fluidized bed has been given 
by Dodge (3) as 
(10) 
In order to ensure uniform air flow through the bed, a pressure 
drop is taken across the grid at the air inlet to the bed. Typically, 
this pressure drop is set as a fraction of the bed pressure drop so 
that 
~PG= constant x ~ PB (11) 
where 0.1 <constant< 0.2 
The pressure drop in the freeboard can be determined using the 
analysis of Lewellan (4) for inviscid, irrotational vortex flow. Using 
Bernoulli's equation, the stagnation pressure at r = rcORE is given by 
(12) 
where Vr core is assumed to equal zero. 
' 
... 
The stagnation pressure is also equal to 
Psr = p. + p (Vt2 + V 2) 
1 2 i r i 
(13) 
7 
• 
where Vz,i is zero. From equation (4) 
vt,core. (14) 
These equations can be combined with the expressions for V z and non-
dimensionalized to 
with 
and 
2 
a + 
x2 
~ = 0 
ax 
2 
a = 
2x4 
2 l+x 
-2 Q 
a 1 
These equations can be combined to give 
x6 + (2B-3)x4 + 3x2-l = 0 
(15) 
(16) 
(17) 
(18) 
Since 8 is known for a given set of· flow conditions, X, and therefore 
rcore' can be determined from 
>' (19) 
2.1.3 Mass Flow 
The air mass flow rate through the bed is determined by 
8 
' 
\ 
.. 
' (20) 
2.1.4 Bed Residence Time 
The residence time for the gas within the bed is determined by 
taking the ratio of the bed volume to the volumetric flow rate through 
the bed. 
(21) 
• 
2.1.S Rotational Power 
Dodge (3) estimated the rotational power needed to turn the bed 
assuming steady state operation and ignoring bearing friction. He 
determined the power required to tangentially accelerate the air enter-
ing the fluidized bed to the velocities present within the reactor. 
The power requirement was determined to be 
(22) 
Since the air-fuel and air-steam ratios for a gasifier are much lower 
than that of a combustor, this expression should be modified to account 
for the coal and steam flows. Therefore, 
• • • • 
PR= wo2rori(mf + mcoal + ms) (23) 
9 
r 
., 
2.2 Tilermodynamics of a Fluidized Bed Gasifier 
2.2.1 Coal Composition and Properties 
A bituminous coal with an ultimate analysis shown in Table 1 was 
used in this analysis. In order to use this coal composition in a 
chemical equation, it must be converted to molecular form. This is 
discussed by Dodge (3). The coal can be represented on a ash free 
basis by a chemical formula in the form 
(24) 
The coal molecular weight can be determined from the coal composi-
tion. On an ash-free basis, the coal molecular weight is 
Including the ash, the molecular weight can be estimated as 
MW = 
MWAF 
(l _ % ASH ) 
100 
(25) 
(26) 
The amount of oxidizer required for stoichiometric reaction of the 
coal is another important property since it allows the combustion 
processes of different coals to be compared. On a molar basis, the 
' 
stoichiometric amount of oxygen is 
(27) 
10 
...._ ___ , -
On a mass basis using air as the oxidizer 
(A/F)sr • 4.76 x 28.95 x (OX)sr/MWcoAL (28) 
2.2.2 Equilibrium Calculations 
For the gasification of coal, the following gaseous products were 
assumed: H2, CO, CO 2, H20, N2, H2S. The nitrogen and sulfur bound in 
the fuel are assumed to be converted to molecular nitrogen and hydrogen 
sulfide, respectively. Unburned carbon in the form of elemental carbon 
was assumed to be present as well. This is shown schematically in 
Figure 4. 
The chemical equation for the gasification reaction can be written 
as 
C Ha Oa Na S8 H208 + a6 o2 + a7 N2 + as H20 ;) 1 2 3 4 5 
bl C(s) + b2 H2 + b3 CO+ b4 CO2 + bs H20 + b6 N2 + b7 H2S (29) 
This equation contains seven unknowns, b1 through b7• A balance of 
each of the five elements (C, H, 0, N, S) gives five equations 
• 
C: 1 = b1 + b3 + b4 
H: al + 2a5 + 2as = 2b2 + 2b5 + 2b7 
0: a2 + as+ 2a6 +as= b3 + 2b4 + b5 
N: a3 + 2a7 = 2b6 
S: a4 = b7 
11 
(30) 
(31) 
(32) 
(33) 
(34) 
t 
' 
( 
A sixth equation can be obtained from equilibrium considerations. 'nle 
water-gas shift reaction 
was chosen for this purpose. The equilibrium equation is written as 
Kp = (36) 
\ 
) 
where Kp is the equilibrium constant and b2, b3, b4, and b5 represent 
the moles of H2, CO, cn2 and H2o in the exit gas stream, respectively. 
A correlation for the equilibrium constant was obtained from Neogi, 
et al. (S) 
Kp = .0265 exp (3955.7/T) (37) 
The final piece of information required to solve the gasification 
equation is the carbon utilization in the reactor. The carbon utiliza-
tion is defined as the percentage of the carbon input converted to 
either CO or CO2• Note that the hydrogen, oxygen, nitrogen, and sulfur 
in the coal are assumed to react completely, forming gaseous products. 
Gasifier carbon conversion was estimated from the work of von 
Fredersdorff, et al. (6) who experimentally investigated the gasifica-
tion of pulverized coal in an entrained flow reactor. He obtained data 
over a range of oxidizer/coal ratios, steam/coal ratios, 1 to 8 atm 
12 
I 
pressure at 1100 to 1200°C. Carbon utilization at high pressures was 
) 
extrapolated from experimental data obtained using oxidizers consisting 
of SO, 70 and 90 percent oxygen. Atmospheric data was taken from the 
air-blown results of von Fredersdorff. Figure 5 shows the effect of 
gasifier stoichiometry on carbon conversion. 
2.2.3 Gasifier Heat Balance 
A first law analysis was performed on the coal gasifier. It was 
assumed that the reaction temperature of the gasifier is known with 
heat either absorbed or rejected from the reactor to maintain tempera-
ture. Neglecting the rotational work which is small compared to the 
other terms, the first law can be written as 
(38) 
since the products of gasification do no work. The enthalpy of the 
reactants is composed of the enthalpies of the coal, air, and steam. 
Therefore 
HREACT = HcoAL +HAIR+ HsrEAM (39) 
Eac.h enthalpy term is composed of an enthalpy of formation and a sensi-
ble component dependent on the substance temperature, with 298°K 
13 
' 
0 
I 
• serving es the reference temperature. For example, the enthalpy of the 
coal can be written as 
0 HcoAL • na>AL (6Hf + (Hr - H29a)) 
coal coal 
(40) 
( 
Similar expressions can be written for the air and steam as well 
as the products. Enthalpies for many substances are tabulated in the 
JANAF Thermochemical Tables (7). However, the literature does not list 
data for coal. The enthalpy of formation of coal can be estimated 
using a bomb calorimeter analysis. This analysis assumes complete 
combustion of the coal with the initial and final temperatures the 
same. The equation is 
coal+ o2 (41) 
with the heat of combustion equal to the change in internal energy 
during the reaction 
Q = ufinal - uinitial 
which is equivalent to 
- MW X HHV = ufinal - uinitial (42) 
.... 
14 
i . 
~f• I 
(43) 
substituting U = H - RT (44) 
and solving for UcoAL 
0 0 
UcoAL = llliV X MW+ ~Hf ,co + 8 4 ~Hf so 
2 ' 2 
(45) 
al 
+ 2 ~Hf H 0 
' 2 liq 
Dodge (3) estimated the enthalpy of formation of coal to be 
~Ho U f COAL::= COAL (46) 
The enthalpies of the other substances present in the gasifi.cation 
reaction are available in the JANAF tables. The enthalpy of the 
reactants can be written 
(47) 
15 
• 
' ' 
where each reactant is at its respective temperature. Likewise, the 
enthalpy of the products is 
HPROD • (48) 
with each product at the reaction temperature. Now the heat transfer 
from the gasifier can be calculated as 
(49) 
2.3 Afterburner Thermodynamics 
The exit gas stream of the gasifier is burned in an afterburner. 
The gaseous products of combustion are assumed to be: CO2, HzO, S0z, 
Oz, N2. Solid carbon from the gasifier is also assumed present. This 
reaction, shown in Figure 6, can be written as 
bl C(s) + bz Hz+ b3 CO+ b4 CO2 + bs H20 + 
b6 N2 + b7 HzS + s1 o2 + s2 N2 ~ e1 C(s) 
+ e2 CO2 + e3 HzO + e4 SOz + e5 o2 + e6 N2 (50) 
This equation can be solved using the five element balance equations 
and a carbon conversion percentage. They are: · 
carbon 
hydrogen 
b1 + b3 + b4 = e1 + ez 
2bz + 2b5 + 2b7 = 2e3 
16 
(51) 
(52) 
oxygen 
nitrogen 
sulfur 
b3 + 2b4 + b5 + 2s1 • 2e2 + e3 + 2e4 + 2e5 
2b6 + 2s2 • 2e6 
b7 • e4 
carbon conversion• 1 -
(53) 
(54) 
(55) 
(56) 
Because of the wide variation in gasifier carbon conversion caused 
by gasifier stoichiometry, as seen in Figure 5, the carbon carryover to 
the afterburner will vary considerably. The size of the afterburner 
will depend on the amount of carbon to be burned. If the gasifier 
carbon utilization is low, a large, and expensive, afterburner may be 
necessary to ensure high afterburner carbon conversion. 
A first law analysis can be performed on the afterburner in the 
same manner as the analysis for the gasifier. This can be expressed as 
QAB = (57) 
where HAB = (58) 
and HAB = (59) 
with the reactants and products listed in equation 50. 
In some cases, it is desirable to operate the afterburner in an 
adiabatic mode in wh~~h 
17 
----------------~P-----~~~~~~-
or 
QAB • 0 
HAB 
PROD 
• HAB 
REACT 
(60) 
(61) 
Since in this case the enthalpy of the reactants is known, the 
,,. 
temperature of the products can be calculated by an iterative method, 
such as the Newton-Raphson technique. 
The pressure drop across the afterburner depends on geometry, flow 
rates, and the operating temperature and pressure. For these calcula-
tions, a pressure drop equal to three percent of the afterburner inlet 
pressure has been assumed to ensure proper mixing. The pressure drop 
should be kept in mind as an important design parameter. 
2.4 Gas Cleanup System 
Ash, spent sorbent and carbon particles will be present in the 
combustion products leaving the afterburner. These particles must be 
removed in order to meet environmental standards. If the combustion 
products are used to drive a gas turbine, gas purity is essential for a 
long turbine service life. Particulate removal can be accomplished 
using several devices including electrostatic precipitators, cyclones, 
and filters. Zaharchuk and Rubow (8) briefly l:tst several concepts 
proposed for high pressure - high temperature gas cleanup. Although no 
commercial system is presently available, development work is being 
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performed by several vendors. A combination of cyclones and a ceramic 
filter is pro11oscd for this concept. 
The pressure drop caused by gas cleanup devices depends on mass 
flowrates, system pressure and temperature, and the device chosen. 
Ciliberti, et al. (9) have tested a ceramic cross flow filter with 
pressure drop of 3-4 kPa. Shackleton (10) tested a different type of 
ceramic filter and also obtained a pressure drop of 3 kPa. Since a 
combination of cyclones and a ceramic filter is proposed, the design 
pressure drop was chosen as 10 kPa, or 1 percent for a 10 atm system. 
For off-design conditions, the pressure drop was determined by assuming 
that the cleanup device area remains constant as conditions change. 
Therefore, 
• 
m et / 'p lP (62) 
T 
which is the same expression as that describing mass flow through an 
orifice. Comparing off-design condition i to the design condition, 
-
- I pi lP i TDES 
PDES ~PDES Ti 
which can be rewritten as 
• 2 
/JP i = ~PDES ( 
mi 
. ) 
m DES 
which gives the off-design gas cleanup pressure drop. 
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2.5 Other Components 
2.5.1 Compressor 
Isentropic compression can be described by 
K-1 
K (65) 
where the subscript 1 represents compressor inlet and 2 represents 
compressor outlet. The true compressor exit temperature is given by 
(66) 
For a pressure ratio of 10, the compressor efficiency nc was 
chosen as 88.5% (11). The power consumed by the compressor is 
• 
pc= mAIR Cp AIR (T2 - T1) 
2.5.2 Gas Turbine 
Isentropic expansion can be expressed as 
K-1 
K 
(67) 
(68) 
where the subscripts 3 and 4 represent turbine inlet and outlet, 
respectively. The true turbine exit temperature is 
I.' 
(69) 
I 
where the turbine efficiency nr is 92.5% for a pressure ratio of 10. 
The power output of the gas turbine is 
(70) 
2.5.3 Steam Cycle 
For combined cycle operation, the Rankine cycle can be used with 
this concept. Steam cycles can be used in two locations. The first 
location is in the gas turbine exhaust stream. Heat from the gas 
turbine exhaust flow can be used to generate steam and drive a steam 
turbine. The power output of a steam turbine in this application is 
• • Ps = mAIR Cp AIR (T4 - 1STACK) nS (71) 
where TSTACK is the minimum exhaust gas temperatµre, set at 120°C by 
Shakespeare (12). The Rankine cycle efficiency ns was chosen as 0.33. 
The second application of a steam cycle is in using the heat 
rejected from the gasifier or afterburner. In this case, 
• Ps = QREJECTED ns (72) 
since the heat sources are of a high temperature nature (above 900°C). 
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Heat is removed from the gasifier via tubes immersed in the bed. 
Because of tl1e extreme environment in the fluidized bed and sealing 
requirements for a rotating design, a low pressure cycle was assumed 
with a Rankine cycle efficiency of 0.33. Additional Rankine cycle 
efficiencies were also investigated, 0.36 and 0.40. The higher 
efficiencies may be achieved by higher steam pressure and using the 
afterburner as a superheater. 
2.5.4 Auxiliary Power Requirements 
Power is required to operate auxiliary equipment such as pumps, 
controls, and other items. This was assumed to equal 5 percent of the 
net power output (12). 
2.6 Cycle Performance 
The net power output of the cycle consists of: gas turbine output, 
steam turbine output, auxiliary losses, input to run compressor, and 
the input to rotate the fluidized bed. The power output can be 
expressed as 
• • • • • 
PTOT = 0.95 (Pr+ Ps - Pc - PR) (73) 
The cycle efficiency is the power output divided by the energy 
input 
• 
mCOAL HHV COAL. 
(74) 
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CYCLE DESCRIPTIONS 
Three power plant designs were chosen for analysis. They are: an 
atmospheric system, in which an air blown gasifier and combustor are 
coupled with a stean1 turbine cycle (Figure 7); a combined cycle power 
plant with an adiabntic afterburner, including a gas turbine generator 
with a steam turbine to utilize the gas turbine exhaust energy (Figure 
8); and a combined cycle with a non-adiabatic afterburner (Figure 9). 
This cycle is similar to Figure 8 except that heat is extracted from 
the afterburner to raise steam which generates electricity via a steam 
turbine • 
The atmospheric steam system, shown in Figure 7, consists of an 
air blown fluidized bed gasifier which produces a fuel gas. This fuel 
gas, after leaving the gasifier, is burned in a conventional boiler. 
The hot combustion products are used to generate electrical power 
through a standard Rankine cycle. Some of the steam is extracted from 
the cycle in order to feed the gasifier. Environmental control is 
accomplished using the fluidized bed with the addition of limestone to 
control sulfur emissions. Particulates are removed using a cyclone to 
remove the large particles and a ceramic filter to remove small parti-
culates. For the case of low gasifier carbon conversion, unburned 
carbon can be recovered and fed to the combustor for burning. 
This concept may be useful in implimenting fuel conversions from 
oil or natural gas to coal. The existing boiler can be used with only 
minor modifications instead of purchasing a new boiler. 
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Two combined cycle power plants were ihvestigated. The first 
concept utilizes an adiabatic afterburner to react the gas produced in 
the gasification process and is shown schematically in Figure 8. In 
this cycle, an air blown coal gasifier produces fuel which fires a gas 
turbine. The gasifier is operated at a nominal equivalence ratio of 
0.5, which produces excess heat that must be removed by an in-bed heat 
exchanger. This heat, along with the gas turbine exhaust energy, is 
used to generate steam which operates a steam turbine after a portion 
is extracted to inject into the gasifier. The fuel gas is burned in a 
combustion chamber or afterburner before mixing with dilution air to 
reach the desired gas turbine inlet temperature •. Gas cleanup is 
accomplished using cyclones and • a ceramic filter. In this 
configuration, unreacted carbon can be fed into the afterburner and 
burned to improve efficiency. 
The second combined cycle concept uses a non-adiabatic afterburner 
and is shown in Figure 9. This cycle operates in a similar manner to 
the first combined cycle except that steam is also generated in the 
afterburner in this case. The effect of additional steam generation on 
plant efficiency will be investigated. 
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GASIFICATION RESULTS 
4.1 Air Blown Gasification 
Air blown gasification occurs when coal is reacted with less than 
the stoict1iometric amount of air and, usually, steam or water. Due to 
its high nitrogen content, the product gas is characterized by a low 
gross calorific value. Product gas compositions for air blown 
gasification are shown in Figures 10 through 17. Figure 10 shows the 
effect of gasifier stoichiometry on product gas composition. As the 
equivalence ratio increases, more oxygen is available for reaction so 
hydrogen and carbon monoxide decrease, with corresponding increases in 
water vapor and carbon dioxide production. Figure 11 shows a similar 
plot for a bed temperature of 1000°C, showing that a temperature 
increase of 100°C does not significantly affect product gas 
compositions. 
Figure 12 shows the effect of steam or water addition on hydrogen 
production. Steam injection increases the hydrogen content of the fuel 
gas but has the greatest effect at low levels of steam injection. The 
slope of each curve in Figure 12 remains positive but decreases as the 
steam injection rate increases. At a steam injection rate above 0.5 Kg 
steam/Kg coal, the percentage change in hydrogen content becomes very 
smal 1. Figure 13 shows that carbon monoxide content decreases with 
steam addition. Again, steam injection has~the greatest effect at low 
levels of steam addition. In this case the absolute valu~ of the slope 
bf each curve in Figure 13 decreases as the steam injection rate 
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increases, signifying decreased sensitivity of carbon monoxide content 
to steam injection. It is desirable to have high levels of both 
hydrogen and carbon monoxide in order to maximize the heating value of 
the fuel. Figures 12 and 13 show that the sum of hydrogen and carbon 
monoxide is maximized at low rates of steam injection. At rates of 
steam injection above 0.5 Kg steam per Kg coal, no benefit is derived 
from increases in rate of steam injection. Carbon monoxide content 
slowly decreases while hydrogen content slowly increases. 
Figures 14 through 17 show the effect of gasifier carbon 
conversion on product gas composition, where the percentage carbon 
conversion has been varied parametrically in these calculations. In 
order to accurately determine actual gasifier carbon conversions, a 
complex kinetic model or experiments must be used, both methods being 
beyond the scope of this investigation. Figure 14 shows hydrogen and 
water vapor content and Figure 15 describes carbon monoxide and carbon 
( 
dioxide production. As gasifier carbon con~ersion increases, the non-
flammable constituents, carbon dioxide and water vapor, decrease while 
the flamable constituents, hydrogen and carbon monoxide increase as 
shown in Figures 16 and 17, respectively. This behavior can be 
explained by looking on the molecular level. As the gasifier carbon 
conversion increases, more carbon is available for reaction with a 
constant amount of oxygen. The increase in available reactive atoms (C 
and H) relative to the oxidizer (O atoms) results in a smaller 
proportion of fully oxidized carbon and hydrogen atoms, leaving more 
carbon monoxide and hydrogen produced. The exact amounts of the 
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gaseous species produced aepends on the water gas shift reaction shown 
in equations 35 and 36. 
Figures 18 and 19 show the gross calorific value (GCV) of the 
product gas versus stoichiometry, gasifier carbon conversion, and steam 
injection. As expected, the GCV of the gas decreases as the 
equivalence ratio increases since more of the energy of the coal is 
released by conversion to carbon dioxide and water vapor instead of the 
flammable constituents. When the gasifier carbon conversion is 
increased, the GCV of the gas increases because more fuel, in the form 
of carbon, is available and is converted to carbon monoxide, as 
described earlier. The flammable species, carbon monoxide and 
hydrogen, increase with increasing carbon conversion and are the only 
contributors to the gas heating value. Figure 19 shows that steam 
injection is detrimental to the product gas heating value due to 
dilution effects. This result contradicts the experimental findings of 
von Fredersdorff, et at. (6) who found that the gas heating value 
remains unaffected by steam injection at rates up to 0.5 Kg steam/Kg 
< 
coal. This may be explained by an additional finding of von 
Fredersdorff's experiments; the gasifier carbon conversion was found to 
increase as steam injection increased. Since an increase in carbon 
conversion produces an increase in product gas heating, the two effects 
may offset each other. 
Since a coal gasifier is a reactive system, energy is either 
released or absorbed due to the chemical reactions occurring. It is 
desirable that the coal gasifier supply its own energy to drive the 
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reactions. Therefore, the reactor must be operated either adiabatical-
ly or exothermally. Figures 20 through 23 show the heat that must be 
removed from the gasifier in order to maintain the low gasification 
temperatures considered in this study. The heat rejection increases 
with equivalence ratio because more of the energy in the fuel is re-
leased as more air is available for reaction. The effect of increased 
carbon conversion is to decrease heat rejection from the gasifier. 
This is primarily due to the change in product gas composition as 
carbon conversion changes. Recalling Figures 14 and 15, as the carbon 
conversion increases from 60 percent to 90 percent at an equivalence 
ratio of 0.5, hydrogen increases from 6 to 12 percent, carbon monoxide 
increases from 4 to 11 percent, water vapor decreases from 22 to 14 
percent, and carbon dioxide decreases from 12 to 10 percent. These 
changes in composition result in an increase in the enthalpy of the 
gasification products. In these calculations, the enthalpy of the 
reactants is higher than the enthalpy of the products so heat must be 
rejected from the gasifier if the products are to remain at the speci-
fied reaction temperature. Since the enthalpy of the products in-
creases as carbon conversion increases, the gasifier heat rejection 
will decrease as carbon conversion increases. 
Steam addition decreases the heat rejection from the gasifier as 
shown in Figures 22 and 23 because with its high specific heat, steam 
absorbs some of the heat generated by the gasification reaction. An 
increase in gasifier temperature lowers the heat rejection by the 
gasifier by increasing the enthalpy of the reaction products, which 
\ 
\ 
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increase monotonically with temperature. This can be seen by comparing 
Figures 20 and 21. 
The fluidized bed gasifier investigated is limited to an operating 
temperature of approxin1ately 1000°C or less to prevent fusion problems 
in the coal ash. This problem could result in the formation of large 
clinkers (agglomerated ash) which would force the bed to be shut down. 
Figures 20 through 23 also show that adiabatic operation requires a low 
equivalence ratio in the range of 0.3 to 0.4. This is consistent with 
existing gasifier designs such as the U-Gas and Westinghouse gasifiers 
(13). Each of these gasifiers operates above 1000°C and at equivalence 
ratios below 0.5. Each design uses a steam to coal ratio of 0.5. 
Table 2 summarizes their operating conditions. 
The graphs of heat removal versus equivalence ratio increase 
monotonically. As the equivalence ratio increases, the amount of heat 
released in the reaction also increases. In order to maintain a 
constant temperature, the net heat release must equal the heat transfer 
from the reactor. Heat transfer from the gasifier can occur by 
conduction through the reactor vessel walls, radiat·ion from the reactor 
walls, bulk transport of product gas from the vessel, or by the use of 
heat transfer tubes in the fluidized bed. The lower limit of operation 
is set by the equivalence ratio for adiabatic operation since it is 
. 
desira·ble for the reactor to be self-driven. As the equivalence ratio 
increases at a given temperature, heat trans£ er from the reactor wil 1 
increase by the modes described above. The design of the reactor; 
however, dictates that there is a maximum amount of heat that can be 
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removed from a reactor et e given temperature. If the reaction 
produces heat faster than it can be removed, the reaction temperature 
will increase until either production and removal equalize or the 
reactor fails due to excessively high temperatures. 
4.2 Oxygen Blown Gasification 
Coal gasification can also occur with oxygen replacing air as the 
oxidizer. This mode of gasification, known as oxygen blown 
/ 
/ 
gasification, is characterized by a product gas with a much higher 
gross calorific value than the oxygen blown mode. Since. no nitrogen 
is present in the gas, it is composed primarily of hydrogen and carbon 
monoxide. Oxygen is normally supplied by an air separation plant. 
Product gas compositions for various values of steam addition are 
shown in Figures 24 through 26. As in the air blown case, hydrogen and 
carbon monoxide are maximized at low equivalence ratios and high carbon 
• conversions. 
Figure 27 shows the effect of water or steam injection on hydrogen 
and carbon monoxide production. The ratio of hydrogen to carbon 
monoxide in the product gas is seen to be a strong function of steam 
injection. This ratio is an important design parameter if the gas is 
going to be used to produce other fuels such as coal derived liquids, 
methane, or methanol. The stoichiometric values of H2/CO ratio for 
methane and methanol production are 3 and 2, respectively (14). In 
practice, the ratio will be slightly higher because some hydrogen may 
be lost in the process. Figure 27 shows that a typical oxygen blown 
" 
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gas has a H2/CO ratio of less than 2. Production of other fuels 
requires the use of intermediate reactions or a catalyst to shift the 
H2/CO ratio to its optimum value. 
Figure 27 also shows the H2/CO ratio to be a weak function of 
gasifier equivalence ratio. The effect of gasifier carbon conversion 
is significant, with an increase in carbon conversion leading to a 
lower Hz/CO ratio. The additional carbon available for reaction causes 
CO to increase more rapidly than H2• 
Figure 28 shows the effect of gasifier stoichiometry, steam ~ 
injection, and carbon conversion on the gross calorific value of the 
product gas. As in the air blown case, product gas GCV is maximized at 
low equivalence ratios and high gasifier carbon conversion. This was 
discussed in more detail for the air blown case. Steam injection, 
denoted by the dashed lines in Figure 28, at a carbon conversion of 60 
percent is shown to be detrimental to gas heating value. 
Figures 29 and 30 show the heat transfer necessary to maintain the 
900°C gasification temperature. The trends of Figures 29 and 30 are 
the same as those for air blown gasification, shown in Figures 20 
through 23. Heat rejection increases with equivalence r~tio but 
decreases as both steam injection and gasifier carbon conversion 
• increase. 
Figures 29 and 30 also show that adiabatic operation is possible 
at equivalence ratios bet-ween 0.2 and 0.3. This is consistent with the 
operating characteristics of the Winkler gasifier (13), summarized in 
1' 
Table 3. This system operates with a gasification temperature of 
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.. 980°C, an equivalence ratio of approximately 0.25, and a steam/coal 
ratio of 0.25. 
A comparison of air and oxygen blown coal gasification reveals 
that oxygen blown gases have higher gross calorific values, higher 
ratios of flanunable (H2, (l)) to inert gases, and are able to operate at 
lower equivalence ratios. Each of these traits can be attributed to 
the nitrogen, which acts as a diluent in the air blown case and is 
removed from the oxidizer prior to reaction in the oxygen blown case. 
Oxygen blown gases also require higher heat rejection to maintain 
operating temperature, which may limit an oxygen blown gasifier to a 
narrower range of operating conditions. 
• 
An air blown coal gasification is simpler than in an oxygen blown 
system because a source of high quality oxygen is not required. 
Although air separation technology is proven, a system that requires 
oxygen will be more complex and will have a higher capital cost. The 
choice of gasification mode depends on the application involved, which 
will specify the product gas quality. 
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CYCLE PERFORMANCE RESULTS 
5.1 Atmospheric Operation 
One atmospheric case was run in order to obtain preliminary info
r-
mation on cycle efficiency. The gasifier was operated at a temp
erature 
of 900°C, an equivalence ratio of 0.3, a steam/coal ratio of 0.2,
 and a 
gasifier carbon conversion of 65 percent. This condition is sli
ghtly 
exothermic, with 650 KJ/Kg coal of heat rejected. The afterburner is 
assumed to consume all of the unreacted carbon. This cycle op
erates 
with a system pressure drop of 0.5 atm, much of which is due 
to the 
flow resistance of the rotating fluidized bed. The efficiency 
of this 
cycle was calculated at two combustor exit tempertures, 1000
°C and 
1300°C, and determined to be 29.5 percent and 30 percent respect
ively. 
This c·an be compared to the work of Shakespeare (11) who investigated 
an adiabatic fluidized bed combustor operating at 870°C and 100 
percent 
combustion efficiency. With a system pressure loss of 0.5 at
m, he 
obtained a cycle efficiency of 31 percent. This difference 
can be 
explained by the steam injection, which absorbs heat in the gasifier 
due to its high specific heat. Shakespeare used no steam or
 water 
injection in his atmospheric analysis. Operation of the gasifier 
without steam addition is not recommended because steam or water
·injec-
tion is needed for temperature control of the gasification react
or. 
Calculations made with no steam injection show that the cycle 
efficiency improves from 29.5 percent to 31 percent at a combusto
r exit 
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temperture of 1000°C and from 30 percent to 31.3 percent for a 
combustor exit temperature of 1300°C. 
The use of a separate gasifier and combustor allows for 
improvements in cycle efficiency because higher boiler temperatures can 
be obtained than in Shakespeare's case where the boiler temperature is 
equal to the fluidized bed temperature. 
5.2 Combined Cycle With Adiabatic Afterburner 
For this configuration, the plant was operated at a base condition 
consisting of: a fluidized bed temperature of 900°C., a bed average 
pressure of 10 atm, air and steam inlet temperatures of 327°C, a 
gasifier equivalence ratio of 0.5, a steam/coal ratio of 0.5, gasifier 
carbon conversion of 90 percent, an afterburner operating temperature 
of 1300°C, and a gas turbine inlet temperature of 1000°C. Unburned 
carbon is assumed to be recovered and fed into the afterburner where it 
is reacted. Figures 31 through 43 show the result of varying these 
parameters from the base values. 
This base case results in gasifier and total airflows of 32.7 and 
168 Kg/s, respectively. As the operating conditions change, the total 
airflow remains constant. For example, when the equivalence ratio is 
varied from 0.5 to 0.3, the gasifier airflow will change but the total 
airflow remains at 168 Kg/S. This results in a d·if ferent size gasifier 
for each case while the gas turbine, and total airflow remain constant. 
For this reason, the gas turbine net power remains approximately 45 MW. 
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Tables 4 and 5 summarize the gasifier and plant operating parameters, 
respectively. 
Figures 31 and 32 show the effect of gasifier equivalence ratio 
and bed temperature on overall cycle efficiency and net power output. 
An increase in bed temperature results in an increase in overall cycle 
efficiency because the higher bed temperature requires less heat to be 
removed from the gasifier as shown by comparing Figures 20 and 21. The 
steam cycle efficiency, as described previously, is less than the 
efficiency of the combined gas turbine - steam turbine cycle because 
the peak steam turbine temperature of approximately 500 - 550°C is much 
lower than the gasifier temperature. When energy at high temperatures 
is extracted by a gas turbine and a steam turbine extracts the 
remaining energy, overal 1 cycle efficiencies which are higher than 
those of the steam turbine cycle result. 
The effect of increasing gasifier equivalence ratio, shown in 
Figure 31, is to decrease overall cycle efficiency for the same reason. 
Recalling Figure 20, as gasifier equivalence increases, more heat must 
be removed from the gasifier to maintain temperature. The steam 
turbine produces a relatively larger part of the total power output 
with a resulting decrease in overall cycle efficiency. 
The effect of gasifier heat rejection on net power output is shown 
in Figure 32. As the gasifier heat rejection decreases, caused by 
either increased bed temperature or decreased equivalence ratio, the 
steam turbine power output decreases. Since gas turbine power output 
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changes marginally due to constant gas turbine airflow, the total cycle 
power output will decrease. 
Figure 33 shows the effect of increasing the steam turbine cycle 
efficiency on overall cycle efficiency. The Rankine cycle efficiency 
has a significant effect on overall plant performance but does not 
change the effect of gasifier stoichiometry on overall cycle 
efficiency. Any improvements in steam cycle efficiency will directly 
lead to higher overall cycle efficiency. Although not shown in this 
report, improved steam cycle efficiency will also lead to higher net 
power output. 
Since the thickness of the fluidized bed in this design is small 
(0.02m), the ef feet of increasing this thickness was investigated. A 
thicker bed will increase gas residence time in the bed leading to 
improved carbon conversion. The bed was varied up to 5 times the 
original thickness or up to O.lOm. This increases the bed residence 
time from 0.009 sec to 0.045 sec. Increased bed thickness, however; 
causes a higher bed pressure drop as seen in Equation 10. Figure 34 
shows that increased bed thickness, or higher pressure loss, leads to a 
decrease in overall cycle efficiency. 
Figure 35 shows that increased pressure loss also decreases total 
net power. The gas turbine output drops because of the parasitic 
effect of pressure loss. Steam turbine output rises slightly because 
of the change in operating conditions. In order to maintain a pressure 
of 10 atm in the fluidized bed, the compressor output pressure rises 
from 10.5 atm for a 0.02m bed to 12.6 atm for a 0.10m bed. The 
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increased pressure also increases compressor outlet temperature which 
results in higher heat rejection from the gasifier. The steam turbine 
power increase is smaller than the gas turbine power decrease so total 
power output declines. 
An afterburner is necessary because the f 1 uidized bed acts as a 
gasifier in this design. The disadvantages of a staged combustion 
system, a gasifier-afterburner combination are: increased complexity, 
the need for steam injection, and possibly a higher system pressure 
loss due to additional piping. The major advantage of a staged system 
is flexibility. Fluidized bed systems are limited to temperautres of 
900°C because of problems associated with ash fusion in the coal and 
the need to maintain the proper temperature to allow for sulfur removal 
using limestone. With a staged system, ash and sulfur can be removed 
from the gasifier, allowing the fuel gas to be burned at a much higher 
temperature. A higher gas turbine inlet temperature leads to improved 
system efficiency and power output. This will be discussed in more 
detail later. 
The effect of afterburner operating temperature on efficiency and 
power output is negligible provided that the afterburner exit 
temperature is greater than or equal to the gas turbine inlet 
• 
temperature. In either case, the final temperature and air-fuel ratio 
are the same but the air addition to the system is staged differently. 
Mixing losses should be similar whether mixing occurs in the 
afterburner or downstream of the afterburner. 
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The effect of steam injection on plant performance is shown in 
Figures 36 and 37. Steam injection decreases overall plant efficiency 
because of the energy required to produce it which i
s diverted from 
producing power to generating steam. 'Ibe gasification 
process requires 
some steam; however, so efficiency will suffer to some
 extent compared 
to a direct combustion process. From a performance st
andpoint, steam 
injection should be kept at the minimum value necessary in order to 
maintain fuel gas quality and control reactor temperat
ure. The use of 
water injection would result in an even greater loss in cycle 
efficiency due to the latent heat of vaporization of th
e water. 
Figure 37 shows the effect of steam injection on net power output. 
The steam increases the mass flow through the gas turbi
ne leading to a 
slight increase in gas turbine power output. Steam
 turbine output 
decreases because the steam injection results in lower gasifier heat 
rejection. This causes less steam to be produced, thus decreasing the 
steam turbine output. 
As described earlier, an increase in gas turbine inlet 
temperature 
leads to an increase in overall cycle efficiency. Figu
re 38 shows that 
the overall cycle efficiency increases from 33.6 to 34.9
 percent as the 
gas turbine inlet temperature increases from 900°C 
to 1150°C. As 
• 
improvements in blade technology al low for higher g
as turbine inlet 
temperatures, the staged combustion system can be mod
ified to operate 
at higher temperatures. This is in contrast to a sys
tem with a pres-
surized fluidized bed combustor which is limited to a 
maximum tempera-
ture of approximately 900°C. The gas turbine inlet tem
perature is 
• 
... 
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critical in a coal-fired application such as the one considered in this 
study. With higher contaminant levels than with fuel oil or natural 
gas, corrosion, erosion and solid deposition processes become much more 
important in determining turbine life and reliability. The effects of 
corrosion, erosion, and deposition process on gas turbine materials is 
discussed in reference 15. 
Figure 39 shows the effect of gas turbine inlet temperature on 
power output. Gas turbine power output increases significantly. Since 
I 
the gas turbine exit temperature will increase with increases in gas 
turbine inlet temperature (equation 66), the steam turbine output 
increases as well. 
The effect of gasifier carbon conversion on overall cycle 
efficiency is shown in Figure 40. Cycle efficiency changes with 
gasifier carbon conversion even with 100 percent carbon conversion in 
the afterburner. One of the major effects of gasifier carbon 
conversion is to change the gasifier heat removal. It was shown in 
discussing Figure 31 that an increase in gasifier heat removal results 
in decreased efficiency. This result, coupled with Figure 20, which 
shows that increased carbon conversion decreases heat rejection from 
the gasifier, shows that cycle efficiency increases with increased 
• 
gasifier carbon conversion. As the gasifier carbon conversion 
increases from 60 to 90 percent, overall cycle efficiency increases 
from 32.5 to 34.2 percent. 
Figure 41 shows that total power output decreases as gasifier 
carbon conversion increases, due to a decrease in steam turbine power 
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output. The decline in gasifier heat removal decreases the steam 
turbine power output as gasifier carbon conversion rises. 
Thus far, all of the carbon that passes through the gasifier 
unreacted is assumed to be burned in the afterburner. Figure 40 shows 
a single point calculation when this char is not reacted. This 
condition, with a gasifier carbon conversion of 90 percent, shows that 
the effect of burning the unreacted carbon is significant. The overall 
cycle efficiency changes from 34.2 percent to 30.2 percent when this 
char is no~ burned. If the overall carbon utilization is below 90 
percent, the cycle efficiency will fall below 30 percent. 
This result is very important because the determination of 
gasifier carbon conversion is very uncertain for this design. No data 
were found in the literature concerning gasifier carbon conversion for 
a thin bed design. Figure 40 shows that this parameter has a large 
effect on cycle efficiency. If a low gasifier carbon conversion 
exists, low cycle efficiency will occur even if all the unreacted 
carbon is burned in the afterburner. This will also impact on the 
afterburner and ceramic filter. If a large amount of carbon is burned 
in the afterburner, a relatively large afterburner will be necessary to 
react al 1 of the carbon.· If the afterburner is _not large enough, 
• 
unburned carbon will exit the afterburner, placing a larger load on the 
ceramic filter. 
Figure 42 shows the effect of afterburner carbon conversion on 
cycle efficiency for the case of low gasifier carbon conversion, 60 
percent. In this case it is likely that the afterbur'ner carbon 
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conversion will be less than 100 percent. The efficiency drops from 
32.4 percent for 100 percent afterburner carbon conversion to 26 
percent for 50 percent afterburner carbon conversion. This effect is 
significant and reinforces the need for an efficient system of reacting 
unburned carbon from the gasifier. 
The effect of afterburner carbon conversion on net power output is 
shown in Figure 43. Total output increases as carbon conversion 
decreases because the change in carbon utilization requires that more 
coal is fed into the system to obtain the specified gas turbine inlet 
flow and temperature. The increased coal input results in a larger 
amount of heat rejected from the gasifier, generating more steam 
turbine power. 
5.3 Combined Cycle With Non-Adiabatic Afterburner 
The design shown in Figure 9 consists of a combined cycle power 
plant with coal gasifier. This plant is similar to that of Figure 8 in 
every respect but one: the afterburner in the modified design can be 
operated non-adiabatically to generate steam. All of the results for 
the adiabatic afterburner case shown in Figures 31 through 43 apply to 
this case as well. 
Figure 44 shows the effect of steam generation in the afterburner 
on overall cycle efficiency. As the heat rejection in the afterburner 
increases from Oto 23·00 KJ/Kg coal, overall cycle efficiency decreases 
from 34.2 to 33.1 percent for a Rankine cycle efficiency of 33 percent. 
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Further increases in afterburner steam generation result in further 
degradation of overall cycle efficiency. 
Figure 45 shows the effect of afterburner steam generation on 
power output. Predictably, power output increases when more steam is 
generated. This type of plant, although more complex and expensive 
than a plant with an adiabatic afterburner, may have some application 
in the peaking market. If a slight increase in power is required, 
steam can be generated in the afterburner to meet this dema·nd. 
Efficiency will suffer but it may be less expensive than acquiring 
additional capacity in other ways. 
5.4 Part Load Analysis 
An analysis at less than full load was performed on the combined 
cycle configuration with an adiabatic afterburner. During part load 
operation, the gasifier operates with reduced airflow, obtained by 
reducing the gasifier rotational speed. Air/coal and steam/coal ratios 
remain constant so that gas quality and gasifier carbon conversion are 
maintained over the load range. 
The gas turbine is assumed to be of the single shaft type, which 
is directly linked to the generator, operating at a constant speed over 
the load ·range. As load increases, gas turbine speed and airflow 
remain constant while fuel flow increases. This results in higher 
pressure ratios and temperatures. Table 
and two-thirds load. Note the slight 
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6 compares operation at full 
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difference in gasyfication 
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pressu\e and the large (200°C) dif f ere nee in gas turbine inlet 
temperature. 
Cycle performance was estimated using compressor, gas turbine, and 
steam cycle efficiencies as shown in Table 7. The overall cycle 
efficiency drops .. from 34.2 percent to 31.7 percent as the net power 
output drops from 74 MW to 48 MW. 
The versatility of this concept, as seen by the good off-design 
performance, is a great advantage, especially for industrial customers. 
The price of this versatility is complexity, which is inherent i.n all 
integrated systems. This design requires a complex valving system in 
I 
order to route the correct airflow to the gasifier, afterburner, and 
gas turbine. Over the load range, gas turbine total airflow remains 
constant while gasifier and afterburner airflows will change with coal 
flow so that gasifier and afterburner operating temperatures remain 
' constant. At low load points, airif ow will bypass the gasifier and 
afterburner, mixing with the hot combustion products prior to entering 
the gas turbine. This complexity requires careful design of piping and 
valves in order to ensure a reliable system as well as one that can 
respond quickly to load changes. 
5.5 Comparison To Other Cycles 
Numerous studies have been made which investigate coal gasifica-
tion combined cycle power plants, including (15), (16), (17), and (18). 
Table 8 shows the pressures and temperatures of these cycles as well as 
the reported overall cycle efficiencies. Calculations were made by 
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this author for the conditions reported in these references. The 
gasifier was operated at an equivalence ratio of 0.33 (adiabatic 
operation) with a steam to coal ratio of 0.5. The afterburner was 
operated adiabatically at a temperature of 1300°C. The gas turbine 
inlet temperature was obtained by diluting the combustion products. 
These references, (16) through (19), revealed few details of the 
respective gasification processes so the gasifier conditions just 
described were used for all four cases. 
,,. Foster-Pegg (16) and Gallagher (19) described integrated coal. 
gasification combined cycle power plants with a gas turbine inlet 
temperature of 1150°C and pressure ratios of 14 and 12, respectively. 
Table 8 shows that the present cycle closely approximates the 
performance of these systems, with efficiences of 38 to 39 percent. 
Each of these designs uses currently available technology. 
Hamilton and Lehman (18) listed results for a cycle with a 
pressure ratio of 10.5 and a gas turbine inlet temperature of 1000°C. 
They obtained an efficiency of 38.9 percent while the calculated 
efficiency for the present system was only 37.2 percent. 
Garland and Gluckman (17) investigated an advanced power cycle 
with a pressure ratio of 16 and a gas turbine inlet temperature of 
1300°C. They obtained ~n overall cycle efficiency of 41 percent versus 
a calculated value of 40 percent for the present system. 
The differences between the reported results and calculated 
efficiencies can be attributed to the simple model used for the steam 
cycle. A Rankine cycle efficiency of 33 percent was assumed for these 
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calculations. The results of Figure 33 show that overall cycle 
efficiency is sensitive to Rankine cycle efficiency. Each of the 
investigations cited used a higher steam cycle efficiency than the one 
used in the present analysis. A Rankine cycle efficiency of 33 percent 
appears to be slightly lower than the value assumed by the other 
investigators. 
Shakespeare (12) investigated an adiabatic combined cycle with a 
fluidized bed combustor. He obtained an efficiency of 40 percent for a 
system with 100 percent combustion efficiency with no steam injection 
at a temperatur of 870°C. This cycle is similar to Figure 8 except 
that the gasifier and afterburner are replaced by a combustor. Using 
Figures 31 through 43, the overall cycle efficiency of the combined 
cycle with adiabatic afterburner was optimized. Operating conditions 
were chosen as: a gasifier equivalence ratio of 0.37, gasifier carbon 
conversion of 100 percent, and a steam to coal ratio of 0.0. These 
conditions correspond to an adiabatic gasifier operating at an ideal 
· efficiency. 'Ibis calculation resulted in an overall cycle efficiency 
of 39.9 percent which compares favorably to Shakespeare's work. 
Further increases in performance would be made possible by increasing 
cycle pressure ratio and gas turbine·inlet temperature. 
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ECONOMIC EVALUATION 
I 
I 
I 
6.1 Introduction • 
The costs of the combined cycle plant with an adiabatic 
afterburner (Figure 8) \\{er~ estimated relative to a pulverized coal 
' 
I 
I 
plant, a conventional uidized bed steam system, and an adiabatic 
combined cycle plant wi~h a centrifugal fluidized bed combustor. 
I 
' \ 
I 
Shakespeare (12) compare~ the costs of several power generation 
concepts. His work provided the data used to estimate capital 
eqiupment costs and to determine the cost of electricity. A 300 MWe 
plant with a capacity factor of 65 percent, representing a base load 
application, was chosen for this analysis. 
6.2 Capital Costs 
Capital cost estimates were made using the data of Shakespeare 
(12) and the scaling relationship he describes 
(75) 
where C = cost of equipment with capacity y 
B = base cost of equipment with capacity Yb 
C 
The gasifier and afterburner were-- sea led using their re spec ti ve 
, 
airflows. Gas and steam turbine cycle equipment, including condensers, 
pumps and feedwater heaters, were scaled using the appropriate turbine 
power output. Other equipment, such as coal and ash handling, the 
foundation, instrumentation, and control systems, were scaled using the 
total net power output. 
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Pollution control consists of a two stage cyclone system and a 
ceramic filter. The cyclone costs were scaled using system airflow. 
The ceramic filter cost is difficu 1 t to estimate since these devices 
are still in the development stage. The cost was estimated using data 
from Zaharchuk and Rubow (8). They compare the costs of varous gas 
cleanup devices, including a ceramic felt filter (developed by Acurex 
Corp.) and a ceramic cross flow filter (developed by Westinghouse 
Electric Corp.). Using a multicyclone system as a baseline, they 
estimated the ceramic felt filter to cost 53 percent more than the 
baseline system while the ceramic cross flow filter was estimated to 
cost 38 percent less than the baseline system. Since the variation of 
the cost estimates is large, each of these systems was incorporated 
into the analysis to obtain upper and lower bounds on the capital 
costs. 
• 
Installed capital costs for pulverized coal, adiabatic combined 
cycle with fluidized bed combustor, and combined cycle with fluidized 
bed gasifier and adiabatic afterburner are shown in Table 9. The 
pulverized coal plant has the highest capital costs, especially when 
costs are included for land and site improvements as shown in Table 10. 
The combined cycle plants are close in costs depending on the gas • 
cleanup system in use. 
I~/197 5 U.S. dollars, the adiabatic combined cycle with a 
fluidized bed combustor has capital costs ranging from $95 million with "-, 
a one stage cyclone to $111 million with a three stage cyclone system. 
The combined cycle with a gasifier and adiabatic afterburner has 
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capital costs ranging from $99.6 million with a one stage cyclone and a 
low cost ceramic filter to $115 million with a two stage cyclone and a 
high cost ceramic filter. 
Without gas cleanup devices, the capital cost estimates are: $81 
million for the combined cycle with combustor and $83.4 million for the 
combined cycle with gasifier and afterburner. 
, 
6.3 Cost of Energy 
In addition to the capital costs, it is important to determine the 
total cost of producing electricity. The cost of energy includes fuel, 
sorbent, operation and maintenance (o+m), and capital charges. The 
cost of energy can be computed on an annual basis by 
COE _ Fixed Cost+ Fuel Cost+ Sorbent Cost+ (O+M) Cost ___________________ ____;::.,___:_ _ _ 
Net Electrical Generation 
(76) 
The fixed costs represent the charges incurred due to plant design 
and construction. The rate takes into account interest on borrowed 
funds, taxes, depreciation, and insurance. Because costs are 
distributed over time, an allowance must be made for inflation. A 
complete discussion of the fixed costs and sample calculations can be 
found in Shakespeare (12). Table 11 lists the important parameters 
used in this analysis. 
The cost of energy may be computed using the ~quations in Table 12 
too obtain the annual fixed costs, fuel and sorbent costs, and 
operation and maintenance costs for a particular concept. Using the 
48 
• 
information in Tables 10 and 11, the cost of energy was calculated for 
each concept and is listed in Table 13. 1be range of energy costs for 
a given concept is due to the variation in estimated costs for the 
pollution control equipment. 
Each of the' design concepts, with the exception of the pulverized 
coal plant, has a cost of energy between 25 and 30 mills/kWh. Using 32 
mills/kWh as a baseline, the costs range from 2 to 20 percent less than 
a pulverized coal plant. 
A major assumption of this analysis is that a single exponent may 
be used in the capital cost scaling relationship, Equation 75. 
Shakespeare (13) determined in his own analysis that the scaling 
exponent for individual components may vary by 30 percent, with a value 
of 0.94 fitting the data best. Since the installed cost of individual 
components may be. in error by 20 percent or more due to the variation 
in the scaling exponent, the total installed capital costs have maximum 
uncertainties due to this factor of 20 percent, Additional 
uncertainties in the estimated costs of the equipment prior to use of 
the scaling relationships add to the cost uncertainty. Particularly 
critical here are the estimates of gas cleanup costs, especially for 
the combined cycle concepts. There are presently no high pressure, 
high temperature gas cleanup devices commercially available for use in 
a combined cycle plant. The gas cleanup costs shown in Table 9 account 
for up to 15 percent of the installed capital costs and the 
uncertainties in these costs are substantial. Uncertainties in gas 
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cleanup costs may have a significant impact on operation and' 
maintenance costs as well. 
Since the differences in the cost of electricity for the options 
considered in this study are of the same order as the uncertainties in 
those quantities, no statistically meaningful distinction can be drawn 
from the results. Within the accuracy of the analysis, the combined 
cycle concept with a fluidized bed coal gasifier and an adiabatic 
afterburner is cost competitive with the other power generation 
concepts including a pulverized coal fired steam turbine cycle, a 
fluidized bed combustor with a steam turbine cycle, and an adiabatic 
combined cycle plant with a fludized bed combustor. 
• 
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OONCLUSIONS 
A fluidized bed coal gasification combined cycle power generation 
system has been studied in detail. Optimum performance will be 
obtained at conditions corresponding to high carbon conversion, 
adiabatic operation of the gasifier, low rates of steam injection, low 
system pressure loss, and high gas turbine inlet temperature. This 
system has an optimum cycle efficiency of 37.5 percent, which is higher 
than a pulverized coal plant but lower than the efficiency of a 
combined cycle plant with a fluidized bed combustor. 
The coal gasification combined cycle concept is more flexible than 
a fluidized bed combustor concept because it can operate with a gas 
turbine inlet temperature above the ash fusion point. This would 
permit an increase in the gas turbine inlet temperature as turbine 
blade technology improves, and would result in cycle efficiencies 
higher than the 37.5 percent obtained here. 
The costs of the fluidized bed coal gasification combined cycle 
power generation system are competitive with the costs of other systems 
such as a pulverized coal plant, an atmospheric fluidized bed combustor 
with steam cycle, and an adiabatic combined cycle with a fluidized bed 
combustor. 
( \ 
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RECX)MMENDATIONS FOR FURTHER WORK 
From a technical viewpoint, the accurate determination of carbon 
conversion for a fluidized bed gasifier with a thin bed region is the 
most important issue. The effect of carbon conversion on plant 
performance is significant, with high carbon conversion required for 
the concept to be competitive with other designs. Experimental studies 
or kinetic modeling should be performed to determine the carbon 
conversion of a thin-bed gasification reactor. 
A second technical issue, which has not been discussed in detail, 
is the determination of the sulfur retention efficiency in a thin-bed, 
oxygen-depleted reactor. Good sulfur absorption by limestone or 
dolomite is necessary for applications using high sulfur coal; and 
here, too, experiments and analyses are needed to determine to what 
extent desulfurization can be accomplished with this type of reactor. 
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TABLE 1 
BITUMINOUS COAL COMPOSITION 
Weight percent 
C 61.50 
H 4.50 
0 6.63 
N 1.37 
S 1.00 
H20 10.00 
Ash 15.00 
HHV (kJ/kg) 26063 
' l 
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TABLE 2 
OPERATING CHARACTERISTICS OF TWO AIR BLOWN 
FLUIDIZED BED COAL GASIFIERS (13] 
DEVELOPER/MANUFACTURER 
QUANTITY 
OPERATING 
TEMPERATURE (C) 
AIR (KG/KG COAL) 
. 
STEAM (KG/KG CX)AL) 
PRODUCT GAS GCV 
(MJ/m3) DRY 
WESTINGHOUSE 
1150 
2.8 
' 0.5 
5.0 
54 
' 
U-GAS 
1038 
2.8-3.3 
0.4-0.6 
5.74 
,,,. 
•, \1 ( 
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TABLE 3 
OPERATING CHARACTERISTICS OF AN OXYGEN 
BLOWN FLUIDIZED BED CX)AL GASIFIER [13] 
QUANTITY 
OPERATING 
TEMPERATURE (C) 
OXYGEN (KG/KG COAL) 
STEAM (KG/KG COAL) 
PRODUCT GAS GCV 
(MJ/m3) DRY 
55 
DEVELOPER/MANUFACTURER 
WINKLER 
980 
o.s 
0.2-0.3 
10. 73 
•• 
• 
TABLE 4 
GASIFIER OPERATING PARAMETERS 
BASE CASE 
ROTATIONAL SPEED 
BED LENGTH 
BED OUTER RADIUS 
BED INNER RADIUS 
RADIUS AT REACTOR EXIT 
VOID FRACTION 
BED PARTICLE SIZE 
GASIFIER AIRFLOW 
TEMPERATURE 
PRESSURE 
BED PRESSURE DROP 
CARBON CONVERSION 
HEAT REJECTION 
56 
457 RPM 
1.07 m 
0.76 m 
O. 74 m 
0.73 m 
0.4 
180 iim 
32.7 kg/s 
900°c 
10 ATM 
0.46 A1M 
90 PCT 
4690 kJ/kg coal 
TABLE 5 
PLANT OPERATING PARAMETERS 
BASE CASE 
GAS TIJRBINE AIRFLOW 168 kg/s 
STEAM FLOW INTO GASIFIER 3.9 kg/s 
COAIJ r'r:r:D RATE 7.8 kg/s 
OVERAIJIJ PI iANT CARBON CONVERSION 100 PCT 
GAS 1'URB I NE I NI1ET 1'EMPERA'fURE 1000°c 
AFTERBURNER EXIT TEMPERATURE 1300°C "'\_ 
GAS rI1IRBINE NET POWER 45. 2 MW 
STEAM TURBINE POWER 32.4 MW 
TOTAL NET POWER 73.7 MW 
OVERALL CYCLE EFFICIENCY 34. 2 PCT 
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TABLE 6 
PART LOAD OPERATING PARAMETERS 
GASIFIER 
F1JLL 2/3 LOAD 
ROTATIONAL SPEED (RPM) 457 396 
GASIFIER TEMP (°C) 900 900 
GASIFIER PRESSURE (ATM) 10 9.3 
SUPERFICIAL/MINIMUM FLUIDIZATION 1.3875 1.334 
VELOCITY 
GASIFIER AIRFLOW (KG/S) 32.7 23.4 
STEAM FLOW (KG/S) 3.9 2.8 
PLANT 
AIR FLOW (KG/S) 168 168 
GAS TURBINE INLET TEMP (°C) 1000 780 
COAL FLOW (KG/S) 7.8 s.s 
GAS TURBINE NET POWER (MW) 45.2 28.6 
STEAM TURBINE POWER (MW) 32.4 '22.4 
TOTAL NET POWER (MW) 73.7 48.4 
OVERALL CYCLE EFFICIENCY (PCT) 34.2 31.7 
~-. 
.. 
,. 
j 
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TABLE 7 
COMPONENT EFFICIENCIES 
• 
COMPONENT EFFICIENCY 
FULL 2/3 LOAD 
COMPRESSOR 
GAS TURBINE 
STEAM TURBINE SYSTEM 
88.5%1 
92.5%1 
33.0%3 
1 ESTIMATED FROM DILLE AND BERMAN [10] 
2 ESTIMATED FROM ZUCROW [19] AND WESTINGHOUSE [20] 
3 TAKEN FROM SHAKESPEARE [11] 
4 ESTIMATED FROM DILLIO AND NYE [21] 
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88.0%2 
91.6%2 
32.3%4 
REFERENCE 
GASIFIERS 
FOSTER-PEGG (16) 
GALLAGHER (19) 
HAMILTON (18) 
GARLAND (17) 
COMBUSTOR 
SHAKESPEARE (12) 
TABLE 8 
COMPARISON WITH OTIIER WORK 
PRESSURE GAS TURBINE 
INLET TEMPERATURE 
(ATM) (°C) 
14 
12 
10.5 
16 
10 
60 
1150 
1150 
1000 
1300 
870 
OVERALL CYCLE 
EFFICIENCY 
(PERCENT) 
ESTIMATED 
USING 
REPORTED 
REPORTED CONDITIONS 
e, 
38.4 
39.1 
38.9 
41.0 
40.0 
.. 
38.4 
38 .r5 
37.2 
40.0 
39.9 
( 
Item 
Rotating Gasifier 
Afterburner 
Steam Generator & Combustor 
Fans/Compressor 
Particulate Removal 3 stage 
and 2 stage 
Piping 1 stage 
Stack & Foundation 
Air Heater 
0\ Coal Handling & Feeding 
t-A Ash & Dust Handling 
Scr-ubber @ $100/kv @ $50/kw 
Ceramic Filter 
Steam Turbine Generator 
Circulating Water System 
Condensing & Feedwater 
System 
Other Turbine Plant Equip. 
Gas Turbine Equipment 
Electric Plant Equipment 
Miscellaneous Equipment 
Instruments & Controls 
TOTALS 
• (a) scrubber@ $1CX>/lcv 
(b) acrubber@ $50/kw 
7 
TABLE 9 
INSTAiiED F.QUIPMENT COSTS - 300 M\le ( IN HILLIONS - 1975 OOLl..ARS) 
Pulverized 
Coal 
17.597 
0.547 
1.469 
0.263 
1.845 
11.368 
1.502 
33.276 
18.276 
16.542 
2.813 
10.578 
2.825 
8.024 
2.777 
3.410 
115.o.56(a) 
100.056Cb) 
Adiabatic Combined 
Cycle with 
Centrifugal FBC 
5.701 
29. 963 
22.063 
14.113 
0.682 
11.124 
1.850 
6.356 
1.515 
3.165 
1.663 
25.034 
8.049 
2.496 
3.328 
100.896(c) 
92.996(d) 
85.046(e) 
(c) 3 ataa•• (d) 
<•> 
Non-adiabatic 
Steam Cycle with 
Conventional FBC 
13.36 
0.80 
3.55 
0.25 
2.47 
12.02 
1.97 
16.54 
2.68 
9.89 
2.54 
7.59 
2.70 
3.63 
79.99 
2 atagea 
l atag• 
Combined Cycle 
with Gasifier 
and Adiabatic 
Afterburner 
S.76 
2.01 
12.52 
8.01 
0.68 
11.12 
1.85 
7.76(f) 
5.64 
1.35 
2.82 
1.48 
27.16 
8.05 
2.50 
3.33 
94.oo(d) 
89.52<•) 
Combined Cycle 
with Gasifier 
and Adiabatic 
Afterburner 
5.76 
2.01 
12.52 
8.01 
0.68 
11.12 
1.85 
19.16(&) 
5.64 
1.35 
2.82 
1.48 
27.16 
8.05 
2.50 
3.33 
105.43(d) 
100.92(e) 
(f) lov coat ceraaic 
<a> hiah coat ceraaic 
• 
• 
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TABLE 10 
EFFICIENCY AND TOTAL INSTALLED (X)ST INCLUDING 
EQUIPMENT, LAND, STRUCTURF.S, AND Ir-tPROVfl-1ENTS 
Plant 
Type 
Pulverized Coal 
Conventional FBC 
with Steam Cycle 
Adiabatic Combined Cycle 
with Centrifugal FBC 
, 
Combined Cycle with 
Centrifugal FBG and 
Afterburner (base case) 
Combined Cycle with 
Centrifugal FBG and 
Afterburner (high efficiency) 
Cycle 
Efficiency 
(PCT) 
36 
36 
39 
34.2 
37 .s 
130.1 (e) 
90.1 
111.l(c) 
(e) scrubber@ $100/kw 
(b) scrubber@ $50/kw 
( c) 3 stages 
The numbers above include: 
• 
Additions for land and 
land rights 
Additions for structures 
and improvements 
Pulverized Coal 
$2.02/kw 
$46.00/kw 
CoAt 
(mi 11 ions of dollars) 
11s.1Cb) 
103.l(d) 9s.2(e) 
104.2(d) 
11s.1<d) 
99.2(e) 
110.6(e) 
104.2(d) 
11s.1(d) 
99.2(e) 
110.6(e) 
(d) 2 stages 
(e) 1 stage 
Fluid Bed 
$1.69/kw 
$30.80/kv 
• 
Notes 
low cost ceramic 
high cost ceramic 
low cost ceramic 
high cost ceramic 
. r.;. 
TABLE 11 
GROUND RULES FOR TOTAL ENERGY COST COMPARISON 
Fixed Charge Rate 
Fuel Cost 
Operation & Maintenance 
Construction Period* 
Escalation Rate 
Interest Rate 
Capacity Factor 
Sorbent Cost 
Sulfur Content of Fuel 
J 
18% 
$8.04 x 10-4/MJ(85¢/106BTU) 
1.5 mills/kWh 
5 years 
6.5% 
10.0% 
65% 
$11/Mg($10/Ton) 
3.9% 
• 
*Although construction period may vary with plant type, there is not 
sufficient information to assume differences between conventional 
units and the fluidized bed systems. 
,· 
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TABLE 12 
COST OF ENERGY CALCULATIONS 
1. Annual Net Electric Generation= 
Plant Capacity x Capacity Factor x No. of Hours/Year 
300MW x 0.65 x 8760 hr/yr x 103 KW/MW= 1.708 x109 kWh 
2. Annual Fixed Cost= Fixed Charge Rate x Capital Costs 
x (1 + Interest Factor+ Escalation Factor) 
For the parameters of TABLE 11 
Fixed Charge Rate= 0.18 
Interest Factor = 0.242 
Escalation Factor= 0.214 
, 
Fixed Cost= 0.262 x $Capital Costs 
3; Annual Fuel and Sorbent Cost= Cost/MJ x (1/Cycle efficiency) x 
Net Electric Generation x 3600 sec/hr x (1 MJ/1000 KJ) 
so Annual Fuel Cost= $4.95 x 106/n 
Annual Sorbent Cost= $1.11 x 106/n 
4. Annual O&M Costs= 0 + M Charge x Net Electrical Generation 
O&M = $(1.5/1000) x 1.708 x 109 
= $2.56 X 106 
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TABLE 13 
COST OF ENERGY COMPARISON 
PLANT TYPE 
• 
Pulverized Coal 
Conventional FBC with Steam Cycle 
Adiabatic Combined Cycle with 
Centrifugal FBC 
Combined Cycle with Centrifugal 
FBG and Afterburner (base case) 
Combined Cycle with Centrifugal 
FBG and Afterburner (adiabatic case) 
65 
OOE RANGE 
(mills/kWh) 
32.0 - 32.5 
26.2 
25.6 - 27.9 
27.1 - 29.5 
26.2 - 28.6 
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FIGURE 1: A Rotating Fluidized Bed 
Coal Gasification Reactor 
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FIGURE 2: Schematic of Rotating Fluidized Bed System 
(From Dodge (3)) 
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FIGURE 3: Freeboard Flow 
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REGION I 
REGION II 
REGION III 
MAIN FLOW 
END WALL BOUNDARY LAYERS 
VISCOUS CORE 
(From Shakespeare and Levy (2)) 
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FIGURE 39: Effect of Gas Turbine Inlet Temp on Net Power Output 
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